An epizootic of disease attributed to infection with Streptobacillus moniliformis occurred in a colony of Swiss white mice. The mortality rate among the 180 breeding females in the 6 affected pens was 100%, and most of the sucking young died from starvation. Acute septicemia, subacute septicemia, and polyarthritis were the 3 forms of disease observed. Clinically, septicemic mice either were found dead or were depressed and hunched for 1-2 days prior to death. About a half of these mice had brown skin crusts overlying the mammae. Pathologic findings in cases of acute septicemia were few; in mice with subacute septicemia, there was acute, multifocal, suppurative, embolic interstitial nephritis, and the arthritic form was characterized by many subcutaneous and periarticular abscesses. Severe, acute, diffuse neutrophilic dermatitis was responsible for the brown skin crusts. The S. moniliformis isolate conformed morphologically and physiologically to classical descriptions of the organism. The infection may have gained entry to the colony via wild rats.
Streptobacillus moniliformis is a highly pleomorphic, nonmotile gram-negative rod. 25 Analysis of electrophoretic protein patterns of the organism shows it to be a relatively homogeneous species but does distinguish between Haverhill fever and rat-bite fever strains. 7 The nasopharynx of laboratory and wild rats is considered to be the normal habitat of S. moniliformis. 2, 28 In addition, the organism has been recovered from the conjunctiva, 10,37 middle ear, 13 anterior trachea, 20 and lung 2,9 of rats, without being incriminated as the cause of any associated disease. However, S. moniliformis has been associated with chronic otitis media in rats 19 and experimentally has produced polyarthritis in young rats. 14, 15 Disease in a variety of animals has been associated with S. moniliformis infection. Depending upon the route of infection, rat-bite fever 5 and Haverhill fever 22 have been described in humans. Most reports of disease in laboratory mice describe fatal epizootics, 8, 16, 17, 31, 34 although S. moniliformis has been isolated from aborting laboratory mice. 17, 27 In Australia, S. moniliformis has been recorded as causing ill thrift and suppurative polyarthritis in wild mice (Mus musculus) , 29, 32 and an outbreak of septicemia and sudden death in 2 colonies of spinifex hopping mice (Notomys alexis) kept in a zoological park. 11 Detailed descrip-in guinea pigs, 12 pleuritis in a koala, 23 and tendovaginitis, bursitis, and polyarthritis in turkeys 4, 18, 36 are manifestations of infection with S. moniliformis in other animals.
The modes of transmission and the mechanism of infection of mice with S. moniliformis have been studied. The disease was successfully reproduced by subcutaneous, intraperitoneal, intravenous, and intranasal inoculation and by feeding and contact with rats. The mouth and pharynx appear to be the portals of entry in feeding, with systemic involvement occurring via the submaxillary and cervical lymph nodes. Studies of the pathogenesis of polyarthritis induced by S. moniliformis in chick embryos 6 and young rats 15 revealed the sites favored by this organism. In chick embryos, the organism localized in synoviocytes, producing inflammation of the synovial membrane. In young rats, the organism localized in metaphyseal capillaries and subsequently caused inflammation of the synovium and periarticular structures.
In this paper, we describe an epizootic of septicemia and polyarthritis in Swiss white mice caused by S. moniliformis.
Materials and methods
tions of the pathologic changes induced by S. monil-Pathology. Three dead adult female white mice were subiformis in mice are few. 1, 16, 26, 31, 32 Polyarthritis in rats, 14 mitted to the laboratory on April 19, 1993. They had been cervical abscessation 1 and granulomatous pneumonia dead for up to 12 hr. During necropsies, tissues were im-affected colony, 1 male wild mouse (M. musculus), and 1 male wild rat (Rattus norvegicus) were submitted. The 2 wild rodents were trapped inside the shed containing the mouse pens. All animals were euthanized and necropsied. Tissues selected for histologic processing included liver, kidney, spleen, and brain (all animals), skin overlying the parotid region (all mice), lung (8 mice and the rat), heart (7 mice), mammary gland (5 mice), grossly visible swollen joints (3 mice), pancreas (2 mice), stomach (1 mouse), thymus (1 mouse), and adrenal gland (1 mouse).
Prior to trimming, pieces of bone were decalcified in a solution containing formic acid and sodium citrate and then washed under running water for 6-8 hrs. All tissues were trimmed, processed by dehydration in alcohol, embedded in Tissue-Tek 111 wax, a sectioned at 5 µm, and stained with hematoxylin and eosin (HE). Blocks containing hock and carpal joints from 3 of the mice in the second group were serially sectioned. Selected sections of tissues were stained by the Gram Twort method.
Bacteriology. From the first group, the liver, heart blood, jejunum, and colon from all 3 mice were cultured. In the second group, 2 clinically affected mice were not examined bacteriologically. Tissues cultured from each of the remaining 7 mice in this group included liver, heart blood, kidney, and pharynx. Additional tissues cultured were lung from 5 mice, hock from 4, mammary gland from 3, spleen from 2, and carpus and a subcutaneous abscess from the parotid region from 1 mouse each. The heart blood, liver, spleen, kidney, lung, pharynx, and middle ear from the rat were cultured. partitions, 30 cm high. Bedding consisted of rice hulls, and the pens were situated in a naturally ventilated non-rodent-proof farm shed constructed from galvanized iron. Mice were fed commercial pellets and watered from open containers. Prior to the commencement of the epizootic, the mice appeared clean and contented, with no evidence of external parasites or fighting, and the mortality rate was minimal.
The disease was restricted to 6 pens, each of which contained 30 breeding females and their litters. The mortality rate among these 180 females was 100%, and most of their sucking young were suspected by the owner to have succumbed to starvation. Six hundred breeding females in another 20 pens and 10,000 young mice 4-8 weeks of age in a further 20 pens were not affected.
Signs of illness first appeared in early April 1993. The daily mortality rate gradually increased to a peak on April 19, 1993; it then declined, with no new cases being detected after May 6, 1993. During the period of the epizootic, sick mice were transferred to an isolation pen. The remaining chronically affected animals were euthanized on May 26, 1993.
All parenchymatous organs and material aspirated from joints and subcutaneous abscesses were cultured on 7% sheep blood agar b and MacConkey agar. All plates were incubated at 37C, the blood agar microaerophilically and the Mac-Conkey agar aerobically. Intestinal contents were cultured aerobically at 37C on 7% sheep blood agar and MacConkey agar and were passaged through Rappaport's broth for 24 hr before being subcultured onto brilliant green agar. b All primary cultures were initially incubated for 24 hr.
Clinical signs. Affected mice were either found dead or appeared depressed and hunched, guarding their abdomens, for 1-2 days prior to death. Sick animals lost weight rapidly and passed soft feces. Brown crusts were present over the teat and surrounding skin of the mammae in about half of the cases. Approximately 2% and 5% of the affected mice had conjunctivitis and subcutaneous swellings associated with the joints of the appendicular skeleton, respectively.
Gram-stained smears were prepared from possibly significant colonies following 24 hr of incubation, and this procedure was repeated every 24 hr until the primary cultures had been incubated for 72 hr. Liquid cultivation was attempted in nutrient broth with added 10% sterile bovine serum.
Gross pathology. The initial submission to the laboratory consisted of 3 mature female mice for necropsy. Each animal was in reasonable body condition, and the only significant external observation was the presence of dull yellow-brown necrotic crusts overlaying the teat and surrounding skin of 3 mammae of 1 mouse. A moderate degree of hepatic congestion was evident in each animal, and in 1 mouse the contents of the small intestine were black and of fluid consistency.
Identification of S. moniliformis was carried out according to accepted techniques. 25 An antibiogram was obtained using an agar diffusion technique. 3
Results
One month later, 9 mice and 1 rat were submitted to the laboratory. Seven mice were clinically affected adult females, 1 was a clinically normal female from an unaffected colony in the facility, and 1 was a healthy adult male wild mouse recently caught on the premises. The rat appeared slightly depressed. Epizootiology. The epizootic occurred in a com-There were no significant postmortem findings in mercial mouse breeding and rearing establishment on the rat, wild mouse, or clinically normal mouse. A the southwestern slopes of New South Wales during dermatitis similar to that described above and asso-April and May 1993, where 780 breeding female Swiss ciated with the mammae was detected in 5 mice. Swellwhite mice and their progeny were maintained for the ing was noted in the carpal and/or hock joints of 3 production of serum to be used in diagnostic reagents. animals and in the metacarpophalangeal and metatar-The animals were housed in pens approximately 1 m sophalangeal joints of another. One mouse had subsquare with cement floors and separated by solid metal cutaneous abscesses, approximately 3 mm in diameter, in the right parotid region and another had abscesses at the base of the tail. The contents of these abscesses were pale yellow and glutinous.
Bacteriology. From the first 3 mice submitted, S. moniliformis was recovered in heavy pure growths from the heart blood and liver of 1 and in light pure growths from the same sites in the other 2. Recovery of S. moniliformis from the 5 clinically affected mice from the second submission is summarized in Table 1 . Heavy growths of the organism were obtained from visible foci of chronic suppurative inflammation, whereas visceral organs yielded either no growths or light growths. The pharynxes of 2 mice yielded heavy growths of S. moniliformis. No significant bacterial growth was obtained from any of the tissues of the clinically normal mice and the rat.
Following 24 hours of incubation on 7% sheep blood agar, colonies of S. moniliformis were 0.5 mm in diameter, nonhemolytic, pale grey, circular, convex, smooth, and glistening. Colonies became umbonate after further incubation for up to 72 hours. Smears of the 24-hour colonies revealed small, short, slender, regular gram-negative bacilli in chains. Bacteria in smears of 48-72-hour cultures were more pleomorphic and filamentous and were often arranged in chains. Some bacilli had irregular club-shaped bulbar swellings.
Primary biochemical tests were performed on colonies that had been incubated for 24 hours. The organism was catalase and oxidase negative, and no growth was obtained in the media for glucose, motility, or oxidation/fermentation tests. The possibility that the organism was a Mycoplasma sp. was considered but was discounted on the basis of the definite cellular morphology observed in Gram-stained smears. At this stage the organism was suspected to be Haemophiluslike. Consequently, it was cultured onto nutrient agar with x-and v-factor discs, and primary biochemical tests were repeated with the addition of sterile bovine serum and the factor discs. Factor discs did not promote growth on nutrient agar, so the possibility of Haemophilus sp. was eliminated. Growth in nutrient broth with added 10% sterile bovine serum consisted of a white flocculent sediment, leaving a clear supernatant. The addition of sterile bovine serum to primary biochemical tests showed the organism to be nonmotile, aerobic, glucose positive, fermentative, and oxidase and catalase negative. These characteristics placed it in the Haemophilus-Eikenella-Streptobacillus group.
Secondary biochemical tests were then performed with the addition of sterile bovine serum. The physiological characteristics of the isolate are presented in Table 2 . These characteristics along with those described above, particularly the cellular morphology and requirement of serum for growth, were all consistent with the organism being S. moniliformis. This isolate was sensitive to lincospectin but resistant to neomycin, sulphonamide, tetracycline, sulphamethoxazole/trimethoprim, and streptomycin.
Histopathology. The most striking feature in 2 of the first 3 mice to be submitted was severe, acute, multifocal, suppurative, embolic interstitial nephritis involving the vasa rectae of the renal medulla (Fig. 1) . Most emboli consisted of a prominent central bacterial colony surrounded by a mild to moderate neutrophilic response. Some vessels contained fibrin thrombi. Severe, acute, diffuse neutrophilic dermatitis was present in the skin covering a teat of 1 of these mice (Fig. 2 ). There were numerous septic and/or fibrinous emboli in superficial dermal vessels associated with diffuse infiltration of neutrophils about the dermal-epidermal junction. The overlying epidermis was necrotic, deep dermal vessels displayed congestion and margination of neutrophils, and the epithelium lining the teat canal appeared normal. In the third mouse, there were occasional septic emboli in the vasa rectae of the kidneys and moderate numbers in interstitial vessels of the myocardium. These emboli had not elicited any inflammatory response. Nevertheless, most glomerular capillary loops in this animal contained fibrin thrombi. Staining by the Gram Twort method showed all emboli to contain small gram-negative bacilli, but morphologic details were difficult to discern.
In the second group of 7 clinically affected mice, severe, acute, diffuse neutrophilic dermatitis was present in the skin overlying the teats of 4. Morphologically, this dermatitis was similar to that in the other mice except that the layer of infiltrating neutrophils was considerably thicker, the epidermis had a more obvious infarcted appearance, and mild, acute, segmental, suppurative inflammation was evident in the teat canal of 1 mouse (Fig. 3) .
Subcutaneous abscesses were found in the region of the parotid salivary gland in 4 of these mice. These abscesses contained fibrinopurulent material and much basophilic, necrotic nuclear debris, were surrounded by narrow fibrous capsules infiltrated with neutrophils and lesser numbers of lymphocytes, and impinged upon the underlying muscle, bone, and salivary gland. One mouse had mild, acute, suppurative sialoadenitis of the serous component of the parotid salivary gland. The subcutaneous abscess detected grossly at the base of the tail of 1 mouse had a microscopic appearance similar to that of these abscesses.
Sections of the swollen carpal and hock joints from 3 mice revealed multiple periarticular abscesses of various sizes. Microscopically, they were similar to the other subcutaneous abscesses. However, they had elicited a greater response from the adjacent tendon sheaths, epimysea, and periostea and so were set in a sea of plump mesenchymal cells infiltrated with neutrophils and small numbers of lymphocytes (Fig. 4) . One small suppurative focus was present beneath the articular cartilage of 1 bone, but otherwise there was no evidence of inflammation in bone parenchyma or marrow. Fibrinopurulent inflammatory exudate was present in the joint spaces of 2 mice (Fig. 5) ; in the third mouse, there appeared to be a suppurative sinus tract leading from the skin to the periosteum of the underlying bone (Fig.   6 ).
Bacteria were not found in Gram Twort-stained sections of the subcutaneous or periarticular abscesses.
Other histologic changes observed in the second group of mice included mild, chronic, multifocal nonsuppurative inflammation interstitially in the kidneys of 5 mice and the heart of 1, in the portal triads of 5, and associated with the renal pelvis of 1. A small renal inflammatory focus in 1 mouse contained a mixture of mononuclear leukocytes and neutrophils. Mild acute hepatic periacinar congestion and splenic hemosiderosis were each noted in 2 mice.
Mild, acute, hepatic periacinar necrosis was the only significant histologic lesion detected in the rat.
Discussion
Streptobacillus moniliformis was responsible for a highly contagious and fatal disease among adult female breeding Swiss white mice. The nature of the housing and bedding provided unusual epizootiologic features. Clinically, the majority of the animals succumbed to acute and subacute septicemia; neutrophilic dermatitis of the mammae was an observation unique to this outbreak. Embolic interstitial nephritis and subcutaneous abscessation were the dominant pathologic findings in mice with subacute septicemia and chronic disease, respectively.
Overall, the clinical signs exhibited by affected mice in this outbreak were similar to those previously ascribed to infection with S. moniliformis in laboratory mice. 8, 16, 17, 34 wild mice, 32 and spinifex hopping mice. 11 Most of the affected mice in this outbreak died following an acute clinical course characterized by evidence of abdominal pain, loss of weight, and the passage of soft feces. In various combinations, these clinical signs have previously been described. 8 The dermatitis involving the mammae of approximately 50% of the affected mice does not appear to have been recorded previously. In comparison with other reports, 8,17 conjunctivitis was much less prevalent; only about 2% of mice were affected. Polyarthritis and subcutaneous abscessation are well-recognized features of chronic infections with S. moniliformis 8, 17, 29, 32, 34 but were only detected in about 5% of these mice, despite the impression derived from the animals submitted to the laboratory. The second submission of mice was solicited to further study the pathologic aspects. Because these mice were obtained at the end of the outbreak, they were chronic cases and not representative of the outbreak overall.
Heavy pure growths of S. moniliformis were recovered from the heart blood and liver from the case of acute septicemia as expected. Culture of heart blood and liver from the 2 mice with subacute septicemia yielded only light growth of the organism, a result consistent with the subsequent histopathologic findings. The kidneys of these 2 animals were not cultured, but the microscopic observations indicated that this tissue might have yielded heavy growth. In the second group of chronically affected mice, heavy growths of S. moniliformis was obtained from visible lesions of polyarthritis and subcutaneous abscessation. The majority of these mice had bacteremic infections, and the pharynxes of 2 of 5 generated heavy growths of the bac-terium. There are no reports of the isolation of S. moniliformis from the nasopharynxes of clinically normal mice, but this site was culture positive in mice with an experimentally induced chronic polyarthritic form of the disease 32 and provides a common commensural habitat for the organism in clinically normal rats. 25, 28 The phenotypic and physiological properties of this isolate of S. moniliformis are similar to those in previous accounts. 8, 11, 17, 25, 30, 33, 34 This isolate fermented trehalose, did not ferment inulin, and failed to produce hydrogen sulphide. These findings differ from those of other studies. 25, 34 Only 2 previous reports of in vitro antibiograms for S. moniliformis could be located. 25, 34 Unfortunately, different ranges of antibiotics were used, but resistance to neomycin and sulphonamides 25 and sulphamethoxazole/trimethoprim 34 has previously been found. Contrary to our observation, susceptibility to streptomycin 25 has been recorded. The pathologic findings in this study differed in several respects from the classical descriptions of this disease in mice. However, the relative lack of histologic lesions in this case of acute septicemia is in accord with previous accounts. 11, 17 Acute, multifocal, embolic interstitial nephritis dominated the visceral findings in the 2 mice with subacute septicemia, a finding that has not been associated previously with this disease. Other reports of subacute S. moniliformis septicemia have highlighted multifocal necrotic hepatitis and/or splenitis as common changes. 8, 11, 17 We found neither. Severe neutrophilic dermatitis of the mammae was found in subacute septicaemic and chronic polyarthritic cases of the disease. There are no previous records of this lesion in mice attributed to infection with S. moniliformis, but previously reported edematous swelling of the limbs 8,17 may have had a similar pathogenesis, and ulceration of the feet with discharge of serum and crusting 17 may have been the same lesion. There is relative consistency between the accounts of the gross pathology of the polyarthritic form of this disease, but histologic descriptions are few. 11, 17, 26, 29 In the majority of mice in the second group, what appeared clinically and grossly, to be arthritis, was attributed histologically to periarticular subcutaneous abscesses. Fibrinopurulent synovitis was only confirmed microscopically in 2 of the mice, examination of serial sections revealed only very minor evidence of osteoarthritis, which has been previously described. 29 Lymphadenitis, as documented in earlier reports, 8, 17, 32, 34 was not obvious in these mice. Subcutaneous abscesses found in the parotid region of 4 mice may have originated in regional lymph nodes, but no residual lymph node parenchyma could be discerned microscopically.
The pathogenesis of the neutrophilic dermatitis and arthritis following this infection with S. moniliformis is unusual. Diffuse neutrophilic dermatitis is custom-arily caused by infectious agents such as bacteria. 35 Two portals of entry are conceivable, percutaneous or bacteremic spread. The rice hulls for bedding, the presence of sucking young, and the restriction of the dermatitis to the mammae point toward a percutaneous route of infection. However, this supposition was not supported by subsequent histopathologic findings, which clearly demonstrated the bacteremic spread. Definitive features were the prominent septic emboli in dermal blood vessels and the comparative lack of epidermal changes (Fig. 2) . The predilection for deposition of septic emboli at this site may have been associated with the lactating state of the mice.
Similarly, the pathogenesis in mice of arthritis caused by S. moniliformis has not been fully elucidated. Experimental intravenous or intraperitoneal inoculation of mice with the organism resulted in polyarthritis, whereas subcutaneous inoculation only caused inflammation of the neighboring joint, 8,24 but no information regarding the portal of entry to the joint was provided. In rats, bacteremic spread of S. moniliformis is succeeded by localization in metaphyseal capillaries, with inflammation subsequently spreading to the nearby synovium 15 The chorioallantoic inoculation of 12-14day-old chicken embryos with S. moniliformis resulted in bacteremia with ensuing exclusive localization in synoviocytes. 6 The experimental induction of polyarthritis in mice by the intravenous inoculation of S. moniliformis led to the conclusion that inflammation arose in the joint space and its associated periosteum rather than within the epiphysis. 26 Apart from localization in metaphyseal capillaries, bacteria may gain entry to joints via hematogenous spread to capillaries in synovial membranes and tendon sheaths, via extension from a focus of infection in adjacent soft tissues, and via a penetrating wound. 21 Our observations support localization in the synovium and tendon sheaths and spread from adjacent subcutaneous abscesses.
The source of infection and portal of entry of S. moniliformis in this outbreak are open to speculation. Rats are the natural reservoir of the bacterium, 2,28 and despite the negative findings attributable to an infectious or inflammatory condition in the single rat examined, there was ample opportunity for wild rats to contaminate the establishment. Another possible source of infection would have been wild mice; S. moniliformis has previously been associated with disease in wild mice in Australia. 29, 32 Heavy growth of S. moniliformis from the pharynxes of 2 of the mice with chronic disease, a finding previously made by others, 32 suggests that sick mice contributed to the environmental contamination, exacerbating the outbreak. Mice of a susceptible strain have been infected by direct contact with other sick mice. 34 Experimentally, the subcuta-neous, intraperitoneal, intravenous, nasal, oral, and conjunctival routes have all been used to successfully transmit infection to mice. 8, 17, 26, 32 The subcutaneous route (via bites from infected animals) and nasal, oral, and conjunctival routes would all have been possible in this outbreak.
